[1] The Himalaya and the Tibetan Plateau are uplifted by the ongoing northward underthrusting of the Indian continental lithosphere below Tibet resulting in lithospheric stacking. The layered structure of the Tibetan upper mantle is imaged by seismic methods, most detailed with the receiver function method. Tibet is considered as a place where the development of a future craton is currently under way. Here we study the upper mantle from Germany to northern Sweden with seismic S receiver functions and compare the structure below Scandinavia with that below Tibet. Below Proterozoic Scandinavia, we found two low-velocity zones on top of each other, separated by a high-velocity zone. The top of the upper low-velocity zone at about 100 km depth extends from Germany to Archaean northern Sweden. It agrees with the lithosphere-asthenosphere boundary (LAB) below Germany and Denmark. Below Sweden it is known as the 8 discontinuity, or as a mid-lithospheric discontinuity (MLD), similar to observations in North America. Seismic tomography places the LAB near 200 km in Scandinavia, which is close to the top of our deeper low-velocity zone. We also observed the bottom of the asthenosphere (the Lehmann discontinuity) deepening from 180 km in Germany to 260 km below Sweden. Remnants of old subduction in the upper about 100 km below Scandinavia and Finland are known from controlled source seismic experiments and local earthquake studies. Recent tomographic studies indicate delamination of the lithosphere below southern Scandinavia and northern Germany. We are suggesting that the large-scale layered structure in the Scandinavian upper mantle may be caused by processes similar to the ongoing lithospheric stacking in Tibet.
Introduction
[2] Cratons are the parts of the continents which have not participated in mantle convection for about a billion years or more and are mostly associated with a thick lithosphere. The mechanisms of their formation are still being debated [see e.g., Lee et al., 2011 and references therein for a review]. One of the possibilities is underthrusting and imbrication of lithospheric plates. Eaton et al. [2009] have reviewed geophysical observational techniques of the lithosphere-asthenosphere boundary (LAB) and the possibilities to interpret the observations. The contribution of seismology to this question is imaging of structures below the cratons. The S receiver function technique is probably one of the most useful techniques for identifying seismic discontinuities in the upper mantle, especially when low-velocity zones are involved. Particularly, the LAB is observed with this technique in many parts of the world [e.g., Li et al., 2004; Kumar et al., 2006; Rychert and Shearer, 2009; Rychert et al., 2010; Kind and Yuan, 2010; Fischer et al., 2010; Kumar et al., 2012] .
[3] We are studying the mantle below Scandinavia, the western edge of Baltica, to see if traces of the plate collisions occurring in past geological epochs are still visible. We compare the lithospheric structure of Scandinavia with that of Tibet where continental collision is occurring at present. Northern Europe has a complicated plate tectonic history [e.g., McKerrow et al., 2000; see Figure  1 ]. The last major tectonic events occurred about 400-500 Ma ago when Laurentia, Avalonia, and Baltica collided during the Caledonian orogeny. Dipping mantle reflectors observed in controlled source seismic profiles in several parts of Scandinavia have been interpreted as remnants of fossil subduction [Balling, 2000; see These observations indicate that such structures can survive a very long time [Balling, 2000] . Recently, Zhu et al. [2012a Zhu et al. [ , 2012b found indications of southward directed lithospheric delamination below southern Scandinavia and northern Germany in seismic tomography.
Data and Method
[4] The data we used comprise teleseismic observations recorded at 95 permanent and temporary broadband stations in Germany, Denmark, Sweden, and Finland ( Figure 2 and Table 1 ). The S receiver function technique was used rather than the P receiver function technique because crustal multiples are completely separated from direct conversions in S receiver functions. In P receiver functions such multiples may cover direct conversions or may be misinterpreted as direct conversions . We searched visually through the S signals of records from earthquakes with magnitudes greater 5.7 (Figure 3) . A first rotation of the components was carried out using theoretical back azimuth and incidence angles. We have selected broadband events with signal-tonoise ratios greater than about 5 (ratio between the S arrival on the SV component to the noise on the P component in front of the SV arrival). We only accepted signals with simple waveforms on the SV component, meaning one or two swings in the broadband waveforms. We obtained finally about Figure 2 . Map of all seismic broadband stations used (red triangles). Station names and coordinates can be found in Table  1 . Most data come from the Swedish National Seismic Network (SNSN, http://snsn.geofys.uu.se/) (1 year data used). The dense line of red triangles marks the temporary JULS experiment (2 years deployment). Black crosses mark piercing points of S-to-P converted waves at 100 km depth using the IASP91 model [Kennett and Engdahl, 1991] . The two lines 1 and 2 mark the profiles onto which the data are projected. 3300 traces. A second rotation of the components was carried out with the selected traces by choosing those rotation angles which led to the least energy on the P component at the time of the signal maximum on the SV component. After this, the P components were deconvolved by the SV components, migrated into the depth domain or moveout corrected and summed in time domain. Depth migration consists of back projection according to Snell's law and summation of the incoming rays within the Fresnel zone. For migration, the global reference model IASP91 was used [Kennett and Engdahl, 1991] . Since the upper mantle below Denmark and Germany is about 4% slower than below Sweden [e.g., Zhu et al., 2012a; Gregersen et al., 2010] down to 300 km depth, the use of a homogeneous model for migration may result in a systematic depth bias of mantle discontinuities of the same percentage. We have also experimented with the ''plain summation'' technique [Kumar et al., 2010] , in which summation is performed without previous deconvolution, since deconvolution may alter the response of the receiver site [Kumar et al., 2010] . We found no significant differences of both techniques, except that the deconvolution resulted in a better signal-to-noise ratio. Therefore, we used deconvolution.
[5] The observed seismic data are shown in time domain in Figure 4 and in depth migrated form in Figure 5 . It should be kept in mind that the colors in Figure 5 do not indicate volumetric structures as in tomographic images but seismic discontinuities. Red (blue) signals mark S-to-P converted waves at a seismic discontinuity with downward increasing (decreasing) velocities. Amplitudes of the converted seismic signals permit in general measurements of velocity ratios at the discontinuities. However, we have avoided interpreting amplitudes quantitatively because of relatively strong smallscale lateral inhomogeneities in the upper mantle and which would make estimates of the reliability of the resulting velocity ratios difficult. To judge the reliability of our data in general we compare Figures 4 and 5. These figures result from different processing methods but still show the same marked seismic phases. The reliability of the data can also be seen in the large-scale similarity of neighboring summation traces in Figure 4 . Neighboring summation traces do not have a single trace in common, no lateral smoothing is applied. That means that seismic phases which correlate over several summation traces are a clear indication of geological structure inside the Earth and not noise. During the processing we have also done 
Results
[6] The stacks in Figures 4 and 5 show a number of laterally coherent seismic phases. The Moho is the most prominent signal and shows the known depth increase [e.g., Gossler et al., 1999; Alinaghi et al., 2003; Medhus et al., 2012] from central Europe to Scandinavia. A shorter period plot of the Moho with greater depth resolution is shown in Figure 6 . In Figures 4 , 5 and 7, we observe directly below the Moho a continuous negative signal (blue, marked MLD, LAB-V, 8 D in the north and LAB-T, RF in the south) over a length of more than 2000 km, crossing several tectonic provinces. Below Proterozoic Sweden, we observe the positive (red) top and the negative (blue) bottom of a high-velocity structure extending over more than 1200 km (marked ''HVZ''). The red (positive) signal marked ''Lehmann'' is likely the bottom of the asthenosphere. It was discussed by Lehmann [1964] and is assumed frequently to be a global feature. The Lehmann discontinuity is relatively rarely well observed. The global reference model PREM [Dziewonski and Anderson, 1981] contains such a feature at 220 km depth, whereas the IASP91 global reference model does not contain it. Here we have a clear signal over 2000 km length at approximately the expected depth range, which is, however, not constant but deepening from 180 km in Germany to 260 km below Sweden. [7] We would like to point out another possible observation in the data. Above the 410 discontinuity, we note a cluster of blue signals especially in the southern end of the profile below Denmark and Germany. There are a number of other observations about similar low-velocity structures above the 410 in several parts in the world, for example in northwestern Canada [see Schaeffer and Bostock, 2010, and references therein] . It is interpreted as a zone of partial melt. Perhaps our observations have a similar origin.
[8] The known seismic discontinuity at 410 km global reference depth (IASP91) [Kennett and Engdahl, 1991] is also visible. Its apparent shallowing from central Europe to Scandinavia is probably due to the faster seismic velocities in the Scandinavian upper mantle. The observation of the established discontinuities at the crust-mantle boundary (Moho) and at 410 km depth is also serving as a confirmation of the correctness of our imaging technique.
Discussion

Comparison with Previous Lithospheric Thickness Estimates in Fennoscandia
[9] An earlier S receiver function study also based on data from the Swedish network [Olsson et al., 2007] found, in agreement with our results, a large-scale negative discontinuity at 200 km which they interpreted as LAB (named L in their Figure  6 ). Over a shorter distance range they found also a negative discontinuity near 100 km depth (named B in their Figure 6) . Olsson et al. [2007] infer an additional negative discontinuity near 160 km depth (named D1 and D2 in their Figure 6 ), which we do not observe. The main reason for this difference is probably that we used a longer period lowpass filter (8 s corner period). For comparison, we have plotted in Figures 8 and 9 shorter period filtered data (4 s corner period). In these figures, the observed phases appear much more scattered. This could be interpreted that the mantle discontinuities are laterally much more heterogeneous than, for example, the Moho and that only longer period seismic waves smooth over small-scale variability of the internal boundaries. Such small-scale lateral inhomogeneities would also cause a problem for interpreting the amplitudes of the converted waves in summation traces. Alternatively, the lower signal-to-noise ratio of the shorter-period receiver , moved by 1 , piercing point depth is 50 km. Note that in this period band no continuous negative discontinuity at 9-12 s precursor time is visible like in Figure 4 . This means that the negative discontinuity is not as sharp as the Moho or more scattered, or both. Note that the filtering did not produce significant side lobes of the Moho signal. functions results in a more scattered appearance. What can be said is that the velocity contrast of the mantle discontinuities is approximately only about half the size of the contrast at the Moho, as an amplitude comparison in Figure 4 shows.
[10] From seismic tomography it is known that the lithosphere below the Baltic Shield is thicker than below Phanerozoic Europe [Legendre et al., 2012; Zhu et al., 2012a Zhu et al., , 2012b ] as well as from regional studies in Sweden and Denmark [Shomali et al., 2002; Gregersen et al., 2010; Eken et al., 2012; Medhus et al., 2012; Wawerzinek et al., 2012] . Similar contrasts in lithospheric thickness were inferred from a European-scale receiver function study [Geissler et al., 2010] and depth dependence of seismic anisotropy [Plomerova and Babu ska, 2010] . These results are also reflected in our data in the phase marked LAB-T in Figures 4 and 5 , which is in Scandinavia the bottom of the zone marked HVZ. A low-velocity zone at about 100-140 km depth (8 D) in Scandinavia has previously been observed in controlled source seismic data and interpreted as caused by partial melt or grainboundary sliding [Thybo, 2006; Artemieva and Thybo, 2008; Karato, 2012] . Our data confirm also the existence of this low-velocity zone. It appears at a similar depth as the LAB in Phanerozoic Europe (LAB-T, RF) in Figures 4 and 5.
[11] The original definition of the lithosphereasthenosphere system came from post glacial rebound observations [Barrell, 1914] . Recent modeling of GPS displacement data of the ongoing postglacial rebound in Scandinavia resulted in layered viscosity upper mantle models with a lithospheric thickness near 100 km [Zhao et al., 2012, and references therein] . Intriguingly, this is a similar depth range as the 8 discontinuity seen in controlled source data and the upper low-velocity zone in our S receiver function data (LAB-V), and represents a much lower lithospheric thickness estimate than the 200 km thickness obtained from tomography and the deeper low-velocity zone in our data (LAB-T).
Observations in Other Cratons
[12] A comparison of our receiver function results below Scandinavia with similar data below the North American craton shows significant similarities. S and P receiver functions show a negative discontinuity near 100 km in the entire US, including in the cratonic central and eastern US [Rychert and Shearer, 2009; Kumar et al., 2012] . This observation is very similar to our results for Scandinavia. Tomography techniques find the lithosphere extending to about 200 km depth in the cratonic US and weak indications for a low-velocity zone near 100 km [Yuan and Romanowicz, 2010] . The negative discontinuity near 100 km is named mid-lithospheric discontinuity (MLD) [Lekic and Romanowicz, 2011] outside the western US, caused perhaps by grainboundary sliding [Karato, 2012] or anisotropy. In the Canadian Shield indications of remnant subduction have been observed in receiver functions and controlled source seismic data [Bostock, 1997 [Bostock, , 1998 ]. Mid-lithospheric discontinuities have been observed at several locations beneath the Canadian Shield and interpreted as remnants of slabs of Proterozoic age [Miller and Eaton, 2010] but the depth of the MLDs observed by them is more variable than we find below Scandinavia. Nevertheless, their interpretation highlights the possibility of structural interpretations of the MLD, in contrast to the earlier interpretation in terms of petrology. Layering of the cratonic mantle is also observed in South Africa [Sodoudi et al., 2013] where a shallow MLD at 85 km depth was interpreted in terms of anisotropy, and a deeper MLD at 150-200 km in terms of a compositional boundary.
[13] Tibet has a very young geological history compared with typical cratons; however, it is considered a future craton by McKenzie and Priestley [2008] . The layered structure of the Tibetan mantle is imaged with high resolution and related to the ongoing collision of India with Eurasia (see Figure  10 ). The subducting Indian plate is directly visible in tomography and receiver function images [e.g., Li et al., 2008; Zhao et al., 2011] . Besides the generally accepted Indian continental subduction below Tibet, there might also exist, at least in some regions, Eurasian subduction from the north below Tibet. Therefore, in central Tibet two lithospheres are probably stacked on top of each other [Zhao et al., 2011] . The image of the Tibetan layered upper mantle appears very similar to the image of the Scandinavian layered upper mantle. The Indian mantle lithosphere is penetrating up to 500 km to the north below Tibet over a frontal length of about 1500 km. Our observations of a layering beneath Scandinavia cover a region of almost comparable size, about 1000 km times several 100 km. However, the layering is observed within the Baltica block, so if the layering in Scandinavia is collisionrelated, it probably originates from pre-Caledonian events for which no clear subduction geometries can be discerned. So, different from Tibet, there is no clear indication what other lithosphere is underthrusting in Scandinavia and when exactly this happened. Nevertheless, similar to the North American cratons, the structures observed by us provide evidence that traces of collision processes are retained within the mantle lithosphere for a very long time.
Conclusion
[14] Our main observations are the large-scale layered structure of the Scandinavian upper mantle, which appears very similar to that of the Tibetan upper mantle. In Tibet, we have clear evidence that mainly underthrusting of the Indian plate is causing this layering. Comparable evidence for the origin of layering in Scandinavia is still missing. Inclined structures in the upper mantle below cratons have been known for a long time and have been interpreted as remnants of fossil subduction. It is still an open question how these structures could survive such a long time. They are a confirmation of those underthrusting events which may have contributed to craton building, as discussed, for example, in the review by Lee et al. [2011] . Our data have considerably expanded the observations of the layered structure of the Scandinavian craton. We conclude that the tectonic event (or perhaps several events) that possibly led to the layering of the Scandinavian upper mantle must have been of comparable significance as the recent collision of India and Eurasia. It is still difficult to model details realistically since not yet enough data are available for a full threedimensional picture. To achieve this, more data from the edges of Baltica, especially Norway, Finland, Denmark, and northern Germany are needed. Most of our data are aligned along a south-north profile which is likely along the strike direction of the main Caledonian collision. More data for profiles of sufficient length perpendicular to this strike direction are necessary for the identification of the specific underthrusting processes. 
